Abstract. In the present study, numerical investigations of a Francis turbine at model scale are performed. A part load operating point is selected for the analysis with a focus on the cavitating draft tube vortex rope. For three σ-levels, different aspects are investigated. First, the extension of the vapor volume is analyzed and compared to high-speed visualization recordings from the measurements. Furthermore, the pressure fluctuations for different σ-levels are analyzed and compared to experimental data at a measuring point in the draft tube cone. Finally, the impact of the different cavitation volumes on the axial and circumferential velocity distribution is investigated. In addition, the SST and SAS turbulence models are compared for two pressure levels.
Introduction
The safe integration of renewable energies like photovoltaics is a key issue of nowadays energy market. Hydro power plants play an important role for this topic as they can be easily regulated. Nevertheless, this comes across with the fact that turbines are more and more operated at off-design conditions which are characterized by strongly swirling flows and the occurrence of cavitation.
In a Francis turbine, different cavitation phenomena can occur depending on the operating point [1] . At part load conditions, a helically shaped vortex rope forms in the draft tube cone. For low σ-levels, the pressure in the vortex core falls below the vapor pressure which results in cavitation. In experiments the appearance of cavitation allows to visualize the shape of the vortex rope (e.g. [2, 3] ), which can be used for comparison with simulation results. Typically the frequency of the vortex rope rotation is between 0.2 and 0.4 times the runner frequency [4] . Favrel et al. [5] observed that the precession frequency is a function of the discharge factor while the σ-level has no significant impact. The occurring pressure oscillations depend on the discharge, the σ-level and the Froude number [5, 6] . Furthermore, the presence of a cavitation volume significantly reduces the natural frequency of the system [7] . When the natural frequency and the precession frequency coincide it comes to resonance conditions with high pressure fluctuations.
Modelling and numerical setup
The simulation of cavitating flows is more complex compared to single phase flows. In the scope of this study, the homogenous model is applied for the two-phase treatment which assumes that the liquid and vapor phase share a common pressure and velocity field [8] . As cavitation model, the Zwart model is used and the four model parameters are set according to Zwart et al. [9] . Furthermore, for URANS simulations the widely used SST turbulence model is applied to close the system of governing equations. Additionally, two simulations are performed with the SAS-SST model which can operate in scale resolving simulation mode [10] .
The simulations are performed with Ansys CFX on a Francis turbine at model scale. The simulation domain is ranging from the spiral case inlet to the draft tube outlet. For all investigations a structured mesh with approximately 25 million cells is used. Most of the cells are located in the draft tube as the main flow phenomenon is located there.
For the treatment of the interfaces between stationary and rotating domains, a transient rotor stator approach is applied. As inlet boundary condition, a constant total pressure is set and at the outlet an opening boundary condition is prescribed. The total pressure at the inlet and static pressure at the outlet are set that both the required discharge and pressure level in the turbine are met. For the spatial discretization, a high resolution scheme is used for all simulations performed with the SST turbulence model and a bounded central differencing scheme is applied for the simulation with the SAS model. As temporal discretization, a second order backward Euler scheme is used for all setups.
Numerical results
In the scope of this study, an operating point at part load conditions is investigated for three different σ-numbers (0.06, 0.09 and 0.11). The discharge of the examined operating point is 81 % compared to best efficiency point conditions.
Cavitating vortex rope
The regions where cavitation occurs can be visualized with an isosurface of the void fraction. In figure 1 the simulation results for different cavitation numbers and turbulence models are displayed and can be compared to high-speed visualization recordings from the measurements. Additionally, in the draft tube cone two lines are shown that are used for the evaluation of the velocity profiles. As expected, the cavitation volume increases with reduction of the σ-number. For the lowest pressure level, a large vapor volume forms in the draft tube cone which is almost axisymmetric in the upper part for both simulation and measurement. The typical helical shape for part load is only observable in the lower region of the cone where the diameter of the vortex rope is already significantly smaller. In addition, cavitation occurs on the suction side of the runner blades close to the trailing edge due to the very low pressure level.
For σ=0.09, a comparison of the results obtained with the different turbulence models shows that the SAS model resolves smaller turbulence structures that are noticeable in the shape of the cavitation volume. Especially in the lower region of the draft tube cone where the vapor phase decays, differences are clearly observable to the SST results. Nevertheless, in terms of vapor volume size only minor differences are present between both turbulence models. This is in contrast to observations made for a deep part load operating point where the SAS model predicted a significantly bigger cavitation volume of the inter-blade vortices in the runner compared to the SST model [11] . This can be explained by the fact that the occurring vortex rope at part load conditions has a much bigger diameter compared to the inter-blade vortices. Consequently, a different resolution of the pressure minimum in the vortex core caused by the turbulence model plays a less significant role at part load condition.
For the highest pressure level similar observations like for σ=0.09 can be made. In the measurement it can be noticed that the cavitating vortex rope decays into small structures and vapor bubbles. This can be better reproduced by the SAS model. Nevertheless, the chosen two-phase modeling approach is not suitable to resolve single vapor bubbles.
Pressure fluctuations
The pressure fluctuations for σ=0.09 and σ=0.11 are evaluated at a measuring point in the draft tube cone. The results are displayed in figure 2 . Both turbulence models can reproduce changes in amplitude that are present especially for σ=0.09. While for the lower σ-level the amplitude of the measurement is well met except for the last cycle, for σ=0.11 the simulation results slightly underestimate the occurring pressure variations. In terms of frequency, both models are in good agreement with the measurements over a wide range. However, the SAS model tends to overestimate the frequency for cycles with lower amplitude.
A comparison of the cases with different σ-numbers shows that the pressure level has a significant impact on the amplitude of the pressure fluctuations that has also been observed by Favrel et al. [6] . Due to the fact that the investigated σ-levels are below the resonance conditions, the pressure fluctuations decrease with the σ-number. Between σ=0.09 and σ=0.11 the amplitude changes by a factor of approximately two. This is on the one hand caused by getting away from resonance conditions. On the other hand the increased cavitation volume leads to a damping of the pressure fluctuations. The results suggest that in the presence of a cavitating vortex rope, two-phase simulations are necessary to correctly predict the occurring pressure amplitudes. 
Axial and circumferential velocity distribution in the draft tube cone
The influence of the σ-level on the axial and circumferential velocity distribution in the draft tube cone is investigated along two lines that are displayed in figure 1. Line 1 and 2 are located 0.39 and 1.02 times the outer runner outlet diameter below the runner outlet. Measurement data is available for two σ-numbers close to the investigated pressure levels. The results are presented in figure 3 .
At line 1, the results of the averaged axial velocity c ax for σ=0.11 show a good agreement with the measurements over a wide range. Deviations can be found close to the draft tube wall which might be a result of neglecting the flow through the runner side gap on the crown side and in the stagnant region in the center. There, the simulation is forming a plateau while for the measurement at σ=0.12 the backflow increases to the center of the draft tube. This can be explained by the occurrence of a region with permanent cavitation in the middle of the measuring line for the slightly lower pressure level in the simulation. At σ=0.10 the measurement shows a similar course compared to the simulation. Close to the center no data is available due to measuring problems caused by the presence of vapor. With a reduction of the pressure level, the extension of the stagnant region increases as the cavitation volume grows. For σ=0.06, the region of backflow is huge and occupies almost the inner half of the draft tube cone. This results in a significantly higher axial velocity in the outer part of the draft tube cone which can be explained by the conservation of mass. A comparison of the different turbulence models shows that the biggest differences between the SAS and SST model are observed in the outer region close to the draft tube wall.
Further downstream (at line 2), for σ=0.09 and σ=0.11 a good agreement of the axial velocity with the measurements can be stated. Due to the helical shape and smaller diameter of the vortex rope in that area, there is no region with permanent cavitation which results in the different course of the velocity distribution in the stagnant region. The biggest deviation to the measurement again can be found close to the draft tube wall. Contrary to the cases at higher pressure levels, the axial velocity distribution for σ=0.06 looks different. The reason is that a region with permanent cavitation persists which has an impact on the velocity field.
In the circumferential velocity distribution, the impact of cavitation can also be determined. All simulation results at line 1 show a maximum circumferential velocity at a dimensionless radius of around 0.5. Going to the center of the draft tube, there is first a steep velocity gradient which significantly reduces around a dimensionless radius of approximately 0.25. Contrary to this, the measurement with σ=0.12 has a higher velocity gradient in the center and no change in slope. At line 2 the results for σ=0.09 and σ=0.11 show the same characteristics like the measurements while the low pressure level still shows the change in slope in the center due to the presence of permanent cavitation.
Conclusion and outlook
Cavitation simulations were carried out on a Francis turbine at model scale for a part load operating point at different σ-levels. As expected, the vapor volume increases with decreasing pressure level. The axial and circumferential velocity distribution is affected by the σ-level. With increasing cavitation volume the stagnant region is getting bigger. Furthermore, the occurrence of regions with permanent cavitation significantly influences the shape of the velocity profiles. Moreover, the σ-level affects the amplitude of the pressure fluctuations which necessitates the usage of two-phase simulations. Below resonance conditions the amplitude decreases with reduction of the σ-number. The results of the SST and SAS model show a similar size of the cavitation volume. Nevertheless, the SAS model can resolve smaller vortex structures which results in differences in the shape of the vortex rope especially in the region of decaying vapor volume.
For further improvement of the simulation results the use of more complex two-phase models should be investigated in the future.
